With a perfectly defined primary structure, both in terms of monomer sequence and chain length, recombinant polypeptides obtained by protein engineering techniques allow the investigation of structure--property relationships at a level of detail that is difficult to achieve with traditional synthetic polymers because of the precision with which their sequence can be defined. In the present work, we have studied the behavior and temperature--triggered self--assembly of a series of diblock recombinant elastin--like polypeptides (ELPs) with the goal of elucidating the mechanism of their self--assembly into micelles. Aqueous solutions of diblock ELPs were studied below and above their critical micellar temperature (CMT) by multi--angle light scattering and small--angle neutron scattering techniques. Below the CMT, the radius of gyration of soluble ELP chains follows a power law as a function of molecular weight with an exponent value close to 0.5 that is characteristic of Gaussian coil conformations. As the temperature reaches the CMT, attractive interactions between the more hydrophobic block of diblock ELP chains leads to the self--assembly of monodisperse spherical micelles at thermodynamic equilibrium. Above the CMT, micelles expel water molecules from their core whose densification is evidenced by the monotonic increase in the light and neutron scattering intensities as a function of temperature. The behaviors of these different diblock ELPs in solution and as self--assembled nanoparticles above the CMT following universal experimental scaling laws make them analogous to synthetic amphiphilic diblock copolymers (star--like vs. crew--cut micelle models). These studies also shed light on the important role of water in the thermal behavior of these thermally--responsive self--assembling diblock polypeptides and suggest a new design parameter -thermally--triggered desolvation and densification of the core of micelles - that can be fine tuned at the sequence level to control the density of self--assembled polymer nanoparticles.
INTRODUCTION
Elastin--like polypeptides (ELPs) have recently attracted significant attention as precision protein--like polymers and constitute an attractive alternative to synthetic polypeptides obtained by traditional polymerization processes. 1, 2 Recombinant DNA and protein--engineering techniques used to produce them inherently lead to macromolecules with perfectly defined primary sequence and chain length, and allow the incorporation of relevant peptide or protein domains with specific biological activity. 3 For example, ELP block copolymers have recently been engineered to serve as a platform for the multivalent presentation of small peptides and single domain proteins onto ELP--based nanoparticles. 4 ELPs are biopolymers of --Val--Pro--Gly--Xaa--Gly--pentapeptides, thereafter noted (VPGXG), derived from native tropoelastin (the guest residue at the fourth position - Xaa - being any amino acid except proline). 5 A defining property of ELPs in aqueous solution is their phase transition upon raising the temperature above a critical temperature, namely the lower critical solution temperature (LCST, also called inverse transition temperature, noted as Tt). Below the LCST, ELP chains are fully hydrated and soluble, but upon raising the solution temperature above the LCST, ELP chains hydrophobically collapse into insoluble aggregates to form a coacervate (i.e. demixed) liquid phase containing 63% water and 37% polymer by weight. 6, 7 A number of parameters have been shown to directly affect the LCST value including macromolecular parameters such as polypeptide molecular weight, composition (in particular the nature of the guest residue) and ELP architecture, as well as environmental parameters such as the type and concentration of co--solutes and pH. 5b, 8;9,10 ELP block copolymers (ELPBCs) result from the linear and covalent association of two or more ELP segments with different LCST values. Above a critical micellization temperature (CMT), as the "hydrophobic block" has desolvated independently of the more hydrophilic block(s), ELPBCs form spherical micelles with a core composed of the hydrophobic ELP block and a corona composed of the hydrophilic ELP block(s). These micelles are stable over a specific temperature range, precisely up to a second threshold temperature (i.e., LCST of diblock ELP) above which the micelles macroscopically aggregate. 11, 12 The mean polarity of ELPBCs, the spatial arrangement of amino acids and distribution of polar and apolar domains along the ELP chains have been shown to impact the transition temperature of individual blocks. 13 While general trends were proposed to describe the LCST and temperature--induced self--assembly of polymers, the complex role of water molecules on hydration and conformation of polymer chains is unclear, especially in the case of protein--like polymers that might have both the characteristics of synthetic polymers 14 , 15 and proteins. 16 , 17 A recent study by Hinderberger and coworkers 18 has shown, using continuous wave (CW) electron paramagnetic resonance (EPR) spectroscopy, that two kinds of hydration layers (respectively ascribed to the hydrophilic backbone and the hydrophilic residues) exist in ELP homopolymers in either a coupled or a decoupled state that are functions of the ELP primary sequence. The authors demonstrated that the decoupled state denotes individual temperature--dependent dehydration of the two types of hydration layers found in ELPs, while the coupled state is characterized by a common, cooperative phase transition of both associated water layers.
The present work was motivated by peculiar features in the temperature--triggered self--assembly of diblock ELPs into micelles. It was previously seen that as the temperature of a diblock ELP solution is increased above the CMT, the diblock ELP gains sufficient amphiphilicity to undergo self--assembly into spherical micelles. 12 Raising the temperature further yields to a plateau region in which the micelles exhibit colloidal stability, with a constant hydrodynamic size. However, for certain diblocks, a continuous increase of the scattered light intensity was observed in this plateau regime of size, the origins of which are unclear. To understand this behavior, a series of recombinant diblock ELPs with different hydrophobic block sizes was designed and produced, and the structural characteristics of the resulting nanoparticles were determined as a function of temperature using light and neutron scattering techniques. (Figure  1 ) These studies yielded the unexpected observation that once formed above the CMT, micelles are first strongly hydrated, and then continue to evolve thermally. A further increase in temperature leads to a progressive compaction of their core through a temperature--driven desolvation of the core--forming ELP segment. To our knowledge, this temperature--triggered core compaction is observed for the first time for a diblock ELP copolymer system providing a new structural variable that can be explored in the design of recombinant self--assembling block copolymers. 
EXPERIMENTAL SECTION

Gene Synthesis
Synthetic genes for the diblock ELPs were assembled from chemically synthesized oligonucleotides by recursive directional ligation by plasmid reconstruction (PRe--RDL). 19 This cloning method allows modular and seamless assembly of ELP genes, and enables easy construction of genes encoding diblock ELPs with peptide functionalization at their N--and C--termini. Each diblock ELP gene encoded a hydrophobic domain with the sequence (VGVPG)n (n=40, 60, 80, 120, or 200) and a hydrophilic domain with the sequence (AGVPGGGVPG)30. A MGCGWPG peptide sequence (termed "leader") was encoded at the N--terminus proximal to the hydrophobic ELP domain, and a PGGS peptide sequence (termed "trailer") was encoded at the C--terminus proximal to the hydrophilic ELP domain. Exact nucleotide sequences of diblock ELP--encoding genes and amino acid sequences of diblock ELPs are provided in the supplementary information (ESI) accompanying the manuscript. ELP genes were constructed in a pET--24a(+) cloning vector encoding antibiotic resistance to kanamycin using EB5Alpha competent
E. coli (Edge BioSystems, Gaithersburg, MD). Successful cloning was confirmed by DNA
sequencing with T7 promoter and T7 terminator primers. Table S1 ) All diblock ELPs are designated as "ELPn--m" where n and m refer to the number of pentapeptide repeats in the N--terminal (hydrophobic) and C--terminal (hydrophilic) blocks, respectively.
Transition Temperature Measurement
Transition temperatures (Tt), that are also often referred to as LCST, were determined 
Multi--angle Dynamic and Static Light Scattering (DLS, SLS)
Multi--angle dynamic and static light scattering experiments were performed using an Radii of gyration (RG) were determined from the plot of lnI(q) as a function of q 2 using the Guinier approximation:
where RG 2 /3 corresponds to the slope of the curve.
Nanoparticle apparent molar weights (Mw*) were obtained from the inverse of the ordinate at origin of a linear regression of K⋅c/R(q) as a function of q 2 +k⋅c, where q is the scattering vector, c the weight concentration and k an arbitrary multiplicative factor in the so--called Kratky plots. R is the Rayleigh ratio defined as:
The previously determined refractive index increment
=0.1750 mL⋅g --1 (with an Optilab™ T--rEX differential refractometer, Wyatt Technology Corp., Santa Barbara, CA) was used to compute the K scattering coefficient:
where I(q), Is(q) and Itol(q) are the count--rates measured by the detector at an angle θ corresponding to the scattering vector q for respectively sample, solvent and toluene.
Rtol is the Rayleigh ratio of toluene at λ=632.8 nm (Rtol=1.4×10 --3 m --1 ). 22 The tabulated values of the refraction indexes were also used, respectively nS=1.333 for water and ntol=1.491 for toluene.
Small Angle Neutron Scattering (SANS)
SANS measurements were performed on the PACE spectrometer of the Laboratoire Léon 
Modeling of SANS data
Analysis of the scattering intensity aims at obtaining the characteristic sizes, the shape and the interactions, represented by the form factor ( ) and the structure factor ( ).
Numerous models have been proposed to describe the scattering by density fluctuations of colloidal or polymeric systems. 23 Classical expression of the scattering intensity per unit volume of spherically symmetric particles writes:
where n is the number density of particles, Δρ is the difference in the neutron scattering length density between the particles and the solvent, and part. is the unit volume of the particles. The form factor describes the structure of particles and fulfills ( = 0) = 1 while the structure factor describes the interaction between particles. In the absence of interactions, ( ) = 1. Introducing the volume fraction of particles, = !"#$. , Eq. 5 becomes:
Eq. 6
For a sphere with radius , the form factor writes: 24 sphere ,
Modeling of individual ELP chains (unimers) at low temperature (below the CMT)
In order to describe the behavior of ELPs at low temperature, we focused on polymer chain models rather than on geometrical form factors as for particles. 
By introducing the mass density of the polymer = A • , we obtain:
Generally, the weight average molecular weight w and the radius of gyration G can be deduced from the fit to this equation using the so called Debye function 25 as form factor:
Eq. 10
Modeling of self--assembled ELP chains above the CMT
To fit the SANS signal above the CMT of the diblock ELPs, the self--assembled structures were represented by spherical particles interacting through the hard--sphere (excluded volume) interaction potential. The structure factor was calculated in the Percus--Yevick approximation for the closure relationship. 26, 27 The parameters are the hard--sphere radius, HS , and the volume fraction of hard--spheres, HS . Another slightly different model which could better describe the structure of aggregates of amphiphilic diblock copolymers is the core--shell model with hard--sphere interaction, with the core radius c and the shell thickness as parameters, combined with an attractive interaction potential ("stickiness") at the surface. 28, 29 . However, the simpler model of hard spheres was sufficient to fit the SANS data of the micelles formed by diblock ELPs. The fits were achieved with the SasView program (http://www.sasview.org/) with polydisperse spherical particles or with a customized program written in house for the individual polymer chains. Size distribution and instrument resolution with appropriate weighting were taken into account in all the fitting procedures, 23 as done previously for another type of peptide--polymer micelles of narrow size--dispersity. 30 
RESULTS AND DISCUSSION
Diblock ELPs design, production and characterization
A series of five diblock ELPs was designed containing a hydrophilic ELP block of fixed size at the C--terminal end of the polypeptide and a more hydrophobic ELP block of variable length at the N--terminal end so as to cover a large range of hydrophilic weight fractions. ( Figure 1A ) The hydrophilic block, designed to have a high transition temperature (above 60°C), contained 60 repeats of (VPGXG) pentapeptides, the guest residue X being alternatively alanine (A) or glycine (G). 19 The hydrophobic block contained valine (V) at the X position of the (VPGXG) repeats. The (VPGVG)n block length was varied from n= 40 to 200 repeats, leading to global hydrophilic weight fractions ranging from 21 to 57%. 31 (Table 1) For the reader's convenience, we adopt here the same nomenclature as proposed by Chilkoti and coworkers 12 to designate each diblock ELP: "ELPn--m" where n and m refer to the number of pentapeptide repeats in the N--terminal (hydrophobic) and C--terminal (hydrophilic) blocks, respectively. The genes encoding for the full diblock ELP sequences were constructed using Recursive Directional Ligation by Plasmid Reconstruction (PRe--RDL), 19 and cloned in Escherichia coli. The BL21 E. coli strain was used for the expression of diblock ELPs that were subsequently recovered and purified by an inexpensive, non--chromatographic process termed Inverse Transition Cycling (ITC). 20, 21 After extensive dialysis and lyophilization, their purity and molecular weight were assessed by sodium docecyl sulfate polyacrylamide gel electrophoresis (SDS--PAGE) and MALDI mass spectrometry. (ESI, Figure S1 and Table S1 ) The CMT of the five constructs was measured by absorbance spectroscopy and found, as expected, to decrease with increasing hydrophobic block size, starting from 42°C for ELP40--60 with the shortest hydrophobic segment down to 26°C for the largest ELP200--60 construct. (Table 1) The LCST of the diblock ELP, resulting from the desolvation of the hydrophilic block leading to macroscopic aggregation of the diblock ELPs, was approximately 65°C for all constructs. a Defined as the ratio of the molecular weight of the hydrophilic block over the molecular weight of the full diblock ELP; b Corresponds to the temperature of self--assembly into micelles due to dehydration of the hydrophobic (VPGVG)n sequence. CMTs were determined by the increase of optical absorbance at 350 nm for a 25 μM aqueous solution of diblock ELP.
Initial study of ELP80--60 by dynamic light scattering
The colloidal behavior in phosphate buffer of ELP80--60 was first examined over a large temperature range and at 4 different concentrations using DLS at a fixed angle (173°).
These scouting experiments examined the effect of temperature on the light intensity 
Multi--angle dynamic and static light scattering
The whole set of diblock ELPs was investigated by DLS and SLS, and a similar behavior was observed for all constructs. The detailed angular analyses in dynamic (diffusion coefficient determination) and static mode (Guinier plots) are presented in ESI ( Figures   S6--10 ). In the nanoparticle regime (i.e., above CMT and below LCST), RH was found to slightly increase by a few percent with increasing temperature, while RG showed no obvious trend. (Table 2 ) In contrast to RH, which remained nearly constant, the apparent molecular weight (Mw*) was found to significantly increase with increasing temperature, suggesting the formation of self--assembled nanoparticles of greater compactness (i.e., containing more ELP chains in the same volume with an increase in temperature). This however implies either the presence of a reservoir of unassembled ELP chains above the CMT, or a reorganization of micelles into objects of similar size but higher density. The second scenario seems more plausible as attractive interactions between the micelles would increase the isotherm compressibility of the suspension (χT) 32 shifted by a factor varying from 1 to 5 respectively. Dotted lines are the best fits to the Debye function (best fit parameters are listed in Table 3 ). B) Scaling law of RG of diblock
SANS study
Studies of individual diblock ELP chains (unimers) at low temperature
ELP chains deduced from Debye fits as a function of their molecular weight (Mw).
The whole set of diblock ELPs was first studied under dilute conditions at 15°C, a temperature at which both ELP blocks are solvated. Of course, it is worth mentioning that due to lower bridge--bonding affinity of D2O compared to H2O, slight quantitative differences might be observed compared to DLS analysis. Typical SANS curves are plotted in Figure 3A . Despite the lower concentration used (5 mg⋅mL --1 ), a significant upturn of the scattering intensity at low q was observed for all diblock ELPs. Being the signature of attractive interactions between individual diblock ELP chains, this signal also increased with the size of the hydrophobic block. However, the physical phenomenon at the origin of this interaction is out of the scope of the present study, since the possible transient clustering of water--soluble chains such as poly(ethylene oxide) (PEO) is a very discussed subject in the literature and still an open question. 33 We instead focused on the scattering measured at q higher than 6-8×10 --3 Å --1 , corresponding to size scales 2π/q below 800 Å. All curves were well--fit using the Debye function (Eq.
10), indicating that diblock ELP chains behave like linear (Gaussian) polymer chains.
Given the known molecular weights of diblock ELPs, and assuming a density = 1.35 g • !! as reported for proteins in the crystalline state, 34 best fits to Eqs. 9 and 10 gave the 
Studies of diblock ELPs in the nanoparticle regime
In order to study the self--assembly of diblock ELPs at temperatures above their CMT, as well as the structural characteristics in this nanoparticle regime, solutions of diblock ELPs at a concentration of 10 mg⋅mL --1 in D2O were analyzed from 15°C to 50°C. Typical SANS curves are plotted in Figure 4 . At 15°C, as both hydrophobic and hydrophilic ELP blocks are solvated, the scattering curves were fit with the Debye function for dissolved chains similarly to the experiment previously performed under dilute conditions (vide supra). However, the fitted RG values were found slightly smaller than previously. (Table  4 ) Such a decrease of the apparent
RG of ELP chains can be attributed to the attractive interactions mentioned previously,
which are stronger at higher concentration. This "macromolecular crowding" phenomenon has previously been described for concentrated solutions of synthetic polymer 39 and proteins. 
ELP200'60
A significant increase of the scattering intensities by more than two orders of magnitude was observed with increasing temperature. For all diblock ELPs at 50°C, a clear oscillation was seen in the range 0.02--0.04 Å --1 , characteristic of the form factor of monodisperse spherical objects. Except for ELP120--60 ( Figure S14 ), the scattering curves at low q did not reach a plateau as expected in the Guinier regime for nanometer sized--objects ( • G < 1). Instead, bumps near 0.007--0.009 Å --1 as well as a weak upturn at very low q were observed. These two features indicate a combination of both repulsive and attractive interactions respectively, due to the contribution of an inter--particle structure factor intra ( ). 40 Scattering curves showing a weak oscillation at large q were not well--fit with the simple sphere model. Fits to the hard--sphere (HS) model were of much better quality, especially in the low q range. For these HS fits, aggregates were assumed to contain a certain number of entrapped D2O molecules, reducing the contrast with the solvent. The hard--sphere fraction was pinned to the experimental value ηHS=Φ and the neutron SLD of aggregates Agg was allowed to vary. This fitting method allowed us to calculate the volume fraction of D2O molecules ( ! ! ! ) in the aggregates by:
Eq. 11
Aggregation numbers defined as the number of ELP chains per sphere were then estimated using the following equation:
Eq. 12
where d and Mw are respectively the mass density and molecular weight of ELPs, HS the hard--sphere core size from the fit, and A the Avogadro number. All these parameters are listed in Table 4 . In order to determine the degree of hydration of the diblock ELPs in these nanoparticles, one can also derive the average numbers of D2O molecules per VPGXG motif in micelles from these volume fractions using the number of pentapeptides in each ELP, the aggregation number and the molecular volume, = 30 Å ! for D2O:
Eq. 13 Table 4 . Best fit parameters using either the Debye function or the hard--sphere model from 15°C to 50°C.
40--60 0.00997 0.00739 This volume fraction is two--fold lower than the value of 63 wt. % of water ( ! ! ! =0.70)
reported in the literature 6, 7 for the coacervate phase. In the present study, hydration degrees of ! ! !~0 .7 are found only at temperatures from 5 to 10°C below CMT, as seen on Table  4 from the fitted values at 30°C for ELP40--60 and ELP60--60. These two highly hydrated samples also correspond to aggregation numbers below 1 and to a hard sphere radius below the RG of the individual chains. Thus, they are more likely descriptive of ELP chains that progressively start to attract each other rather than the true nanoparticle regime. This pre--transition range will be called phase "i) self--assembly" in the following discussion of the results.
In addition, at all temperatures the values of /VPGXG D ! O remain much lower than the 170 water molecules per VPGVG pentapeptide reported from calorimetric measurements, 41 and which can be interpreted as an upper limit of dynamic clathrate--like structures of water molecules formed around the hydrophobic moieties of the peptide above its LCST.
Such an organization of water outside the hard spheres cannot be detected by static SANS measurements, as these transiently organized water molecules have the same neutron SLD than the bulk solvent. Only dynamic measurements (e.g., ultra--fast infrared spectroscopy, 42 dielectric spectroscopy, 43 quasi--elastic neutron scattering, 44 , 45 or nuclear magnetic resonance 46 ) can detect the "dynamic hydration number" (of the order of 4--5 water molecules per hydrophobic carbon 46 ) from their lower translational diffusion constant compared to bulk water molecules. 47, 48 Next, the size of the self--assembled micelles deduced from the fits was plotted as a function of temperature for the five diblock ELPs. As seen on Figure  5A , the scattering curves of the different ELPs are very sensitive to temperature. For the two larger molecular weights (ELP120--60 and ELP200--60), the change between 15°C and 30°C is abrupt and then the curves saturate ( Figures 4C, S11D and S11E), with little variation between the curves at higher temperatures. In contrast, for the other diblocks of lower molecular weight and higher CMT, the curves evolve much more progressively ( Figures   4A,  4B , 4C, S11A, S11B and S11C). Nevertheless, the hard--sphere model with adjustable SLD contrast enables fitting the data for all the samples over the complete range of temperatures. As seen in Figure S12 , the resulting parameters listed in Table 4 can be interpreted by a two step--process, respectively below and above CMT. The first phase (i)
self--assembly) could be studied only for the two most hydrophilic block ELP40--60 and ELP40--60, as their CMT is well above room temperature.
In the nanoparticle regime, the behavior can be interpreted for all the samples by a progressive densification of the hard spheres used for modeling. In this post--transition phase called "ii) densification", the water volume fraction ! ! ! that starts decreasing with temperature from the previous i) self--assembly phase continues to decrease above
CMT. In addition, the radius RS reaches a maximum around 5°C above CMT, and then starts to collapse slightly. In contrast, Agg. values remain approximately constant: !"".~1 21 ± 2 for ELP80--60 at T>40°C, !"".~1 14 ± 7 for ELP120--60 at T>35°C, and Agg.~1 92 ± 11 for ELP200--60 at T>30°C. This suggests that for temperatures ranging from 5°C to 10°C above the CMT and up to the LCST, no additional ELP molecules are incorporated into the nanoparticle, but that water molecules are expelled from the nanoparticles. For the lower Mw ELPs (ELP40--60, ELP60--60 and ELP80--60), the hard--sphere radii S and the numbers of diblock ELP chains per micelle
Agg. both increase monotonically with temperature until they saturate when the solution temperature reaches the CMT. In order to highlight a universal scenario representing the same features for all diblock ELPs, a master curve was drawn by normalizing the hard--sphere radius RS of micelles at a given temperature T by the radius of gyration RG of ELP unimers at 15°C and subtracting CMT from the solution temperature. As seen on Figure 5B , this representation clearly illustrates a two step--mechanism of the aggregation process that applies to all the diblock ELPs studied herein: i) the self--assembly of ELP chains starting a few °C below CMT, with progressively more and more chains participating in the build--up of nanoparticles; ii) once the CMT is reached, no additional ELP chains are available in solution to be incorporated into the micelles, but the micelles continue to evolve by expelling water.
The densification of micelles is the cause of the increase of the scattered intensity above CMT observed both by neutrons and light scattering. Another universal feature is the plateau value for the ratio of the hard--sphere radius of the micelles to the gyration radius of unimers that tends to a constant value: can compare these results with the common models of the self--assembly of amphiphilic diblock A--B copolymers, namely the "crew--cut" and the "star--like" micelle models. 50 After normalizing the hard sphere radius of the micelles by the radius of gyration of the corresponding ELP chains, this ratio follows a power law of experimental slope 0.29 as a function of the aggregation number ( Figure 5D ). This phenomenological value is close to the theoretical exponent ¼ predicted for the radius of a star--like copolymer consisting of p ideal (Gaussian) non--interacting branches linked together (an assumption that is obviously not the case with the ELP chains). 51 
